In vitro capacitation of dog spermatozoa in a medium without sugars and with lactate as the metabolic substrate (l-CCM) was accompanied by a progressive increase of intracellular glycogen during the first 2 h of incubation, which was followed by a subsequent decrease of glycogen levels after up to 4 h of incubation. Lactate from the medium is the source for the observed glycogen synthesis, as the presence of [ dog sperm, gamete biology, gluconeogenesis, glycogen metabolism, in vitro capacitation, sperm, sperm capacitation
INTRODUCTION
Capacitation of mammalian spermatozoa is a functional process that requires the consumption of significant amounts of energy. Thus, the changes in motion parame- ters, cell-membrane composition, and the increase and variations of tyrosine phosphorylation (Tyr-Phos) patterns are all energy consuming [1, 2] . However, the energy source needed to maintain capacitation, at least in some mammalian species, seems to be highly specific. Thus, glucose seems to be the major energy source needed in maintaining in vitro capacitation in mice and human spermatozoa because this sugar induces much higher penetration rates and capacitation-like changes than other monosaccharides, like fructose or mannose [3, 4] . In fact, the study of changes in the chlorotetracycline (CTC) patterns after in vitro capacitation of mice spermatozoa has indicated that these changes are glucose dependent [3] . All of these results have indicated, too, that mammalian spermatozoa must have a sophisticated metabolic system that allows them to specifically differentiate the energy susbtrates taken by the cells in order to render specific changes in their functionality.
Previous studies in our laboratory have shown that dog sperm has the ability to use separate sugars in order to obtain distinct functional results. Thus, dog spermatozoa have shown specific changes in motility and Tyr-Phos patterns, depending on the presence of either fructose or glucose in the medium [5, 6] . These changes seem to be related to the presence of specific systems that allow one to differentiate among sugars, such as the presence of the specific hexose transporters GLUT 3 and GLUT 5, which are placed in separate locations of the cell, or the existence of both fructose-specific and glucose-specific hexokinase activities, also located in separate zones of dog sperm [6] . Moreover, dog-sperm energy metabolism is very complex because there are many metabolic pathways where hexoses can be diverted. In this sense, these cells not only have the glycolysis and Krebs cycle catabolic pathways but also the glycogen synthesis and pentose phosphate cycle [6, 7] . Furthermore, the regulation of these anabolic pathways seems to be very complex and, in the case of glycogen synthesis, this is controlled not only by changes in the key enzymatic activities of the pathway, but also in displacements of these enzymes, especially glycogen synthase, throughout the cell [8] . All of this portrays a very complex system that allows for a fine regulation of energy levels in dog spermatozoa depending on their functional status.
In vitro capacitation of dog spermatozoa can be achieved with ease by incubating the cells in different capacitation media. In this sense, several papers have shown this point, monitoring in vitro capacitation by several functional tests, like changes in CTC patterns, evaluation of acrosome reaction, and variations in motility patterns [9, 10] . In the majority of cases, the capacitation medium for dog sperm contained glucose, and a glucose-free medium seems to not be effective in inducing capacitation [9, 10] . However, this result was contradictory with that observed in our laboratory, in that in vitro capacitation of dog spermatozoa can also be feasibly achieved after incubation of cells in a capacitation medium without sugars and containing only lactate and pyruvate as the energy source [11] . At first glance, this is contradictory in the case where the presence of a glycolytic substrate, such as glucose as the essential energy substrate to attain capacitation, was considered. Thus, substituting glucose for three-carbon compounds as energy substrates could not exert the same specific effects leading to capacitation. One possibility to overcome this contradiction was that dog sperm be able to obtain glucose from these three-carbon compounds and, in this way, this newly synthesized sugar could induce its capacitating effects. Nevertheless, this would imply the existence of a gluconeogenic pathway in dog spermatozoa. This would be in sharp contrast with practically all that is known on sperm energy metabolism, which has been classified as primordially glycolytic [12] . However, because dog sperm present some fully functional anabolic pathways, as described above [6, 7] , it would be of the greatest importance to test for the existence of a putative gluconeogenic pathway in these cells.
The main aim of this work is to test the possibility that dog spermatozoa have a fully functional gluconeogenic pathway, in which they can obtain glucose from substrates such as L-lactate. To this end, several metabolite markers of dog sperm, like intracellular glycogen levels, CO 2 formation, and the presence of the gluconeogenic enzymes, fructose 1,6-bisphosphatase (FBPase) and aldolase B, were analyzed in cells subjected to capacitation in a medium without glucose, as in [11] . Moreover, dog semen was subjected to capacitation in the l-CCM medium in the absence or the presence of a specific inhibitor of the entry of Llactate to gluconeogenesis, phenylacetic acid (PAA), in order to establish the effects of this inhibition in the achievement of in vitro capacitation in the l-CCM medium. Our results indicate that dog sperm is able to synthesize glucose from lactate besides utilizing this three-carbon compound to obtain energy through the Krebs cycle. The newly formed glucose is mainly stored as glycogen. Finally, gluconeogenesis has a noticeable role in the achievement of in vitro capacitation in the absence of glucose because its inhibition altered capacitation markers of dog sperm, such as Tyr-Phos patterns, motion parameters, or CTC stain location.
MATERIAL AND METHODS
All procedures described within were reviewed and approved by the Autonomous University of Barcelona Animal Care and Use Committee and were performed in accordance with the Animal Welfare Law issued by the Catalan Government (Generalitat de Catalunya, Spain).
Animals and Sample Collection
Semen was obtained from 10 purebred Beagle dogs aged 3-6 yr. The dogs were kept in outdoor kennels, exercised twice daily, and fed a balanced diet with free access to water. Semen was collected once or twice weekly, without using a female, by manual stimulation into warmed (37ЊC) sterile glass or plastic funnels. Only the sperm-rich fraction of each ejaculate was used.
In Vitro Capacitation Procedure
In vitro capacitation was carried out by taking the procedure described in [11] as a basis. For this, 3-4 sperm-rich fractions were pooled. At this time, an aliquot was taken to perform the required analyses. Immediately thereafter, pooled samples were washed three times by dilution in a KrebsRinger-Henseleit medium (pH 7.4) without any monosaccharide, as in [6] , and a further centrifugation at 200 ϫ g for 10 min. After the last washing, the sperm was resuspended in the capacitation medium (l-CCM medium) at a final concentration of 60-80 ϫ 10 6 sperm/ml. Incubation in the l-CCM medium was maintained for 4 h at 38.5ЊC in a 5% CO 2 atmosphere. At the end of the incubations, aliquots were taken to perform the appropriate analyses. When stated, aliquots of samples were also taken after only 1 h or 2 h of incubation. The l-CCM medium was composed of 83.5 mM NaCl, 4.8 mM KCl, 1.7 mM CaCl 2 , 1.2 mM KH 2 PO 4 , 37.6 mM NaHCO 3 , 0.25 mM sodium pyruvate, 21.55 mM sodium lactate, and the final addition of 0.4% (v/w) bovine serum albumin (Sigma, St. Louis, MO). The osmolarity of the l-CCM medium was 301 Ϯ 5 mOsm (mean Ϯ SEM), and its pH was 7.8. To determine intracellular glycogen levels, dog-sperm aliquots incubated in l-CCM at the indicated times were collected, immediately centrifuged at 2000 ϫ g for 30 sec, and the resultant pellets were then frozen in liquid N 2 and stored at Ϫ80ЊC until their use. Glycogen was quantified enzymically, as described in [7] .
Processing of Samples and Determination of Glycogen
The [ 14 C] incorporation to glycogen from [ 14 C] lactate was analyzed following the technique described by Chan and Exton [13] , which demonstrated the specificity of alcoholic precipitation for glycogen determination. Following this, dog samples were incubated in a l-CCM medium that contained 21.55 mM [U-14 C] lactate (total specific radioactivity: 0.3 Ci/sample). One-milliliter aliquots of sperm suspension in [ 14 C]-marked l-CCM were taken at the indicated times, centrifuged at 2000 ϫ g for 30 sec, and the resultant pellets were resuspended in 250 l of 30% (w/v) KOH. These resuspended samples were heated at 100ЊC for 15 min, and the resultant sperm homogenate was placed onto small squares (about 0.25 mm 2 ) of 31-ET Whatman filter paper (Whatman, Maidstone, UK). At this moment, a 10-l aliquot was taken in order to determine the total protein content of the samples. When the filter paper absorbed all of the sample, glycogen was precipitated onto it by immersion in an ice-cold 66% ethanol solution. Precipitated papers were washed three times in successive 66% ethanol solutions to eliminate non-glycogen-associated radioactivity, and finally they were dried in a microwave oven. The [ 14 C] counts included in the paper were analyzed in a liquid scintillation counter.
Glycogen immunolocalization was performed as described in [7] after using a monoclonal, specific antiglycogen antibody that has been shown to bind specifically to glycogen from chondrocytes, hepatocytes, muscle cells, and dog spermatozoa, as well as to purified glycogen [7] . Previous to performing glycogen immunolocalization, samples were stained with Hoechst 33258 fluorescent staining (Sigma) in order to better determine precise location of glycogen in sperm. The complete sequence to carry out this Hoechst 33258/glycogen double staining was the following.
At the indicated times, sperm samples were seeded onto gelatin-coated glass slides (26 ϫ 76 mm). Then, the slides were covered with a phosphate-buffered saline solution (PBS; pH 7.4) containing 0.1% (v/v) commercial Hoechst 33258 solution. Incubation was carried out at 38.5ЊC for 15 min, preventing any light source from reaching the slides. After this, the excess liquid on the coverslips was eliminated by decantation, and the slides were thoroughly washed three times with PBS. The stained spermatozoa were further fixed for 30 min in PBS containing 4% paraformaldehyde, and after this, they were again thoroughly washed another three times with PBS. Glycogen immunocytochemistry was started by incubating with 1 mg/ml NaBH 4 in order to eliminate autofluorescence. This step was followed by a permeabilization with 0.2% (w/v) Triton X-100 in PBS and a blocking step in 3% bovine serum albumin/PBS (w/v). Spermatozoa were then incubated with the antiglycogen antibody (dilution 1/500, v/v) for 1 h at 15ЊC, washed with PBS, and treated with a tetramethylrhodamine isothiocyanate-conjugated swine anti-rabbit immunoglobulin (DAKO, Glostrup, Denmark). Fluorescent images were obtained with a Leica TCS 4D confocal scanning microscope (Leica Lasertechnik, Heidelberg, Germany) adapted to an inverted Leitz DMIRBE microscope and a 63ϫ (NA 1.4 oil) Leitz Plan-Apo Lens (Leitz, Stuttgart, Germany). The light source was an argon/krypton laser (75 mW). Final, arbitrary colors shown here (red and green) were chosen in order to obtain a better contrast between both stains. Successive confocal slices of the images (image thickness: from 0.5 to 1 m) were integrated in order to obtain three-dimensional spermatozoa images, which were further stored as TIFF-format images. These images were simultaneously observed and stored under visible light FIG. 1. Effects of incubation in l-CCM in the absence or presence of 10 mM phenylacetic acid on the percentages of viability and altered acrosomes of dog sperm. Incubation of dog sperm in the l-CCM was conducted at 38.5ЊC in a 5% CO 2 atmosphere, as described in the Materials and Methods section. Figures show the percentages of viability (A) and altered acrosomes (B) of dog sperm incubated at the indicated times in the l-CCM medium with (black circles) or without 10 mM phenylacetic acid (black triangles). Results are expressed as means Ϯ SEM of eight separate experiments. Asterisks indicate a significant (P Ͻ 0.05) difference, with respect to the 0-h values, whereas crosses indicate significant (P Ͻ 0.05) differences between samples incubated with or without phenylacetic acid.
and a phase-contrast microscope. The combination of visible light and laser images allows for the exact location of spermatozoa that present a positive reaction to both the Hoechst stain and the glycogen immunolocalization, as well as for the exact location of the signals within spermatozoa.
Immunological Detection of Gluconeogenic Enzymes and Tyrosine Phosphorylation Pattern
For immunoperoxidase localization, spermatozoa were spread onto slides, fixed in buffered paraformaldehyde-acetone, treated with 0.3% H 2 O 2 for 15 min and incubated for 60 min at room temperature in 5% BSA-PBS, pH 7.4, followed by incubation overnight at 4ЊC with antiFBPase and antialdolase purified according to [14, 15] . Spermatozoa were washed and incubated with anti-rabbit IgG-horseradish peroxidase (1:100, Amersham Corporation, Arlington Heights, IL) for 2.5 h at room temperature. Immunostaining was developed using 0.05% 3,3-diaminobenzidine and 0.03% H 2 O 2 . As controls, spermatozoa were incubated with the antibody used and preadsorbed with the respective proteins used to generate it.
On the other hand, the immunoblotting location of gluconeogenic enzymes and the Tyr-Phos pattern was performed as follows.
Spermatozoa membrane proteins, which were used to determine the presence of gluconeogenic enzymes, were obtained as previously described [16] , whereas samples utilized to detect the Tyr-Phos pattern were homogenized by sonication and further treated as described in [6] . In both cases, samples were then resolved by SDS-PAGE (30 g per lane) in 10% polyacrylamide gel [17] , followed by transfer to a nitrocellulose membrane (Protran; Schleicher and Schuell, Dasell, Germany) as in [18] . The transferred samples were tested with the antibodies at a dilution (v/v) of 1/ 2000 (aldolase B and FBPase) and 1/1000 (PY-20 anti-Tyr-Phos antibody; Chemicon International, Temecula, CA). Immunoreactive proteins were tested using peroxidase-conjugated anti-rabbit secondary antibody (Amersham, Buckinghamshire, UK), and the reaction was developed by chemoluminescence (Amersham).
Recording In Vitro Capacitation of Dog Spermatozoa in Canine Capacitation Medium
The appearance of in vitro capacitation in dog sperm after incubation in l-CCM was determined after the combined, global evaluation of the following parameters (see [11] ).
Determination of the percentages of viability and altered acrosomes. For this, aliquots were taken after 0 h (control), 1 h, 2 h, 3 h, and 4 h of incubation in l-CCM and were then subjected to the dual Trypan Blue/ Giemsa vital staining [19] . In this technique, viable cells show an overall grayish-light blue color, whereas nonviable sperm have either a partial or total dark-blue staining. On the other hand, the presence of an intact, regular acrosomal ridge under the Trypan Blue/Giemsa staining was indicative of the presence of intact acrosomes, whereas any alteration of this acrosomal ridge was interpreted as a structurally altered acrosome. Following this, our results indicated that the incubation in the l-CCM induces a progressive decrease of viability concomitantly to an increase in the percentage of altered acrosomes. However, the decrease of viability was significant (P Ͻ 0.05) only at 4 h of incubation, whereas the increase in altered acrosomes was significant (P Ͻ 0.05) only after 3 h of incubation (Fig. 1) . Thus, viability ranged from 90.0% Ϯ 1.0% in control samples to 68.0% Ϯ 6.0% after 4 h of incubation, whereas the percentage of altered acrosomes went from 4.5% Ϯ 0.5% in the control to 11.0% Ϯ 1.0% after 4 h of incubation (Fig. 1 ). This indicates a progressive decline in the overall vitality of the sperm, which was significant after 3-4 h of incubation.
Determination of motion patterns. Aliquots were taken at the times indicated above and were then subjected to a computer-assisted system analysis of motility (CASA), like that described in [5] . For this purpose, a 5-l aliquot was placed on a prewarmed (37ЊC) siliconized microslide and covered with a 25 mm 2 siliconized coverslip. Observations were made at a magnification of 200ϫ on a negative phase-contrast microscope with a warmed stage (37ЊC). In the CASA system, four fields per sample were analyzed, and the total number of spermatozoa analyzed in each semen sample (including those not motile) ranged from 20 to 50. In the case of sperm incubated for 4 h in the l-CCM medium, motility analysis was performed only in those cells that were not aggregated themselves, and in this case, 20-50 individual sperm were also analyzed. Our CASA system was based on the analysis of 16 consecutive, digitalized photographic images obtained from a single field. These 16 consecutive photographs were taken in a time-lapse of 0.64 sec, which implied a velocity of image- Wobble coefficient (WOB). The mathematical relationship (VAP/VCL) ϫ 100. Its units are %.
Mean amplitude of head lateral displacement (mean ALH). The mean head displacement along its curvilinear trajectory around the mean trajectory. Its units are m.
Dance (DNC). The mathematical relationship VCL ϫ mALH. Its units are m 2 /sec.
Mean harmonic oscillation of the head (HME). The mean value of the distance between the curvilinear trajectory, with respect to the mean trajectory. Its units are m.
Frequency of head displacement (BCF). The number of lateral oscillatory movements of the sperm head around the mean trajectory. Its units are Hz. Total motility was defined as the percentage of spermatozoa with a linear velocity (VAP) above 20 m/sec, and the above-described motion parameters were only determined in spermatozoa with a VAP Ն 20 m/ sec. Results indicated that dog sperm from control samples showed high percentages of total motility (87.2% Ϯ 4.3%; Table 1 ). This value declined slightly after 2 h of incubation, but at 3-4 h, a great change in motion parameters was observed. In this respect, after 4 h of incubation, total motility showed a sharp decline (6.3% Ϯ 0.3%; see Table 1 ), which was induced by the appearance of head-to-head sperm agglutination. Headagglutinated sperm showed a highly characteristic flagellar movement, with low frequency and high amplitude. Nonagglutinated spermatozoa showed a motility pattern with values of VCL, VSL, VAP, mean ALH, DNC, and HME significantly (P Ͻ 0.05) higher than those observed in fresh samples (Table 1) . These results were consistent with the appearance of hyperactivated spermatozoa, whereas the head-to-head, agglutinated spermatozoa would be sperm with achieved capacitation [11] . Thus, these results are compatible with the appearance of a functional in vitro capacitation after 3-4 h of incubation in l-CCM.
Determination of the Tyr-Phos pattern. Dog-sperm extracts from fresh ejaculates showed the presence of a faint, specific pattern of Tyr-Phos with phosphorylated proteins in the range of about 30 kDa to roughly 100 kDa (Fig. 2) . Incubation for 2 h in l-CCM showed the same phosphorylation pattern, although a noticeable increase in the intensity of phosphorylation was detected (Fig. 2) . Finally, there was a dramatic change in the TyrPhos pattern after 4 h of incubation in l-CCM. In this case, the overall intensity of reaction was much more intense than in fresh samples. Moreover, there was a great increase in the phosphorylation of several proteins in a range of about 30 kDa to approximately 50 kDa, the majority of which were not detected in fresh ejaculates (Fig. 2) . This increase in the phosphorylation and change in the specific Tyr-Phos pattern has been defined as a marker for dog-sperm capacitation [11, 20] , and it has been taken in this sense in our experiments.
Determination of the chlorotetracycline pattern. As indicated above, a change in the CTC marking location has been described as specific after in vitro capacitation of dog sperm [10, 21] . Following this, we observed the appearance of this change in our in vitro capacitation conditions. For this purpose, the CTC stain was carried out as in [10, 21] . Briefly, sperm samples were centrifuged at 200 ϫ g for 10 min, and the resultant cellular pellet was mixed with 45 l of a daily prepared 20-mM Tris and 5-mM cysteine buffer (T/C buffer; pH 7.8) containing 750 M CTC. The cells were incubated in this solution for 20 sec, and after this, they were spread onto a clean microscope slide. These slides were covered with a 2% (w/ v) paraformaldehyde solution in freshly prepared T/C buffer and then 25 l of 1,4-diaza-2,2,2-bicyclo-octane (DABCO; Sigma) was also spread onto the slides to attenuate the fading of fluorescence. After adding a coverslip, the slides were compressed to eliminate any excess liquid. The coverslip was finally sealed with colorless nail polish, and the slides were stored at 4ЊC in the dark until their microscope observation. As before, fluorescent images were obtained with a Leica TCS 4D confocal scanning microscope (Leica Lasertechnik), adapted to an inverted Leitz DMIRBE microscope and a 63ϫ (NA 1.4 oil) Leitz Plan-Apo Lens (Leitz). The light source was an argon/krypton laser (75 mW). Successive confocal slices of the images (image thickness: from 0.5 to 1 m) were integrated in order to obtain three-dimensional spermatozoa images, which were further stored as TIFF-format images. These images were simultaneously observed and stored under visible light and a phase-contrast microscope, in order to precisely locate those spermatozoa that reacted to the CTC stain.
The above-described technique showed that fresh dog sperm had an intense CTC location at midpiece (Fig. 3) . Moreover, CTC staining was also observed in the head, although its intensity of stain was less (Fig. 3) . This pattern, observed in practically all of the stained cells, changed after 4 h of incubation in the l-CCM medium, when there was a general, uniform, and slight CTC staining in both midpiece and head in practically all of the marked cells. The uniformity of the results meant that no quantitative statistical analysis of these changes was performed with this test (Fig. 3) .
Following all four parameters, only those samples that showed all of the above-described changes in a simultaneous manner after incubation in the l-CCM medium were considered in this work.
Statistical Techniques
The evaluation of putative statistically significant differences among the experimental groups was tested, in parametrical parameters, such as those of motion, by using the PROC GLM procedure included in the SAS statistical package [21] . For this purpose, the experimental groups and the day of performing the experiments were considered as fixed parameters. When the PROC GLM procedure detected any statistically significant (P Ͻ 0.05) differences, a LSMEANS procedure, also included in the SAS package, was further applied to perform the corresponding means comparisons. To identify putative statistical differences in nonparametrical analyses, namely percentages of viability and altered acrosomes, a chisquare test, also included in the SAS package, was applied.
RESULTS

Glycogen Metabolism after In Vitro Capacitation of Dog Sperm in the l-CCM Medium
In vitro capacitation of dog semen in the l-CCM medium induced changes in the sperm glycogen content. Thus, fresh samples showed intracellular glycogen levels of 0.48 Ϯ 0.07 nmol glucose/10 6 sperm (mean Ϯ SEM for eight separate experiments; Fig. 4) . These values progressively increased with incubation and reached a significant (P Ͻ 0.05) peak after 2 h of incubation in l-CCM (0.81 Ϯ 0.09 nmol glucose/10 6 sperm; Fig. 4 ). After this, glycogen progressively decreased, reaching values of 0.37 Ϯ 0.07 nmol glucose/10 6 sperm after 4 h of incubation (Fig. 4) . Compatible results were observed when the incorporation of [U-14 C] lactate to glycogen was determined, although in this case, [ 14 C] incorporation to glycogen was practically constant during the incubation with l-CCM after up to 4 h ( Table 2 ). The decrease of glycogen content after a peak at 2 h of incubation with l-CCM could be a consequence of a physiological glycogenolytic process initiated after the first 2 h of incubation that was glycogenic, or it could also be related to the significant decrease in vitality after 3-4 h of incubation with l-CCM. In the latter case, the decrease of glycogen could be due to the death of a significant percentage of cells, whereas live sperm that suffers capacitation conserved elevated amounts of glycogen. In this way, the loss of glycogen induced by a physiological glycogenolysis would render the image of spermatozoa with a uniform loss of glycogen markings, whereas a decrease of glycogen concomitant with a process of cellular death would show a heterogeneous image of live spermatozoa with a maximal amount of glycogen because glycogen synthesis in live cells would continue for up to 4 h, together with dead sperm cells that lacked any signal of the polysaccharide. In order to elucidate this point, an immunolocalization of sperm glycogen in cells subjected simultaneously to a staining with Hoechst 33258 was carried out. Results indicated that dog sperm from fresh ejaculates accumulated the polysaccharide mainly in the postacrosomal zone of the head and the midpiece, as published in [8] (Fig. 5) . After 2 h of incubation with l-CCM, glycogen was mainly located in the midpiece, and the glycogen signal maintained its intensity in a uniform manner in all cells that contained the polysaccharide (data not shown). Sperm subjected to incubation with l-CCM for 4 h showed a more or less uniform appearance in those cells that had appreciable amounts of immunolocated glycogen (Fig. 5) . In this case, the glycogen accumulation in the midpiece was faint to very faint, although the immunological signal of the polysaccharide was uniform in those cells that presented a positive signal against the specific antiglycogen antibody (Fig. 5) . These results suggest that the decrease of glycogen content after 2 h of incubation in l-CCM was mainly associated with a physiological glycogenolytic process associated with the incubation in this medium rather than with a sperm deathrelated process of glycogen loss.
Finally, no trace of extracellular glucose was detected after incubation in l-CCM for up to 4 h, neither after enzymatic analysis of the medium nor by finding extracellular [ 14 C]-glucose (data not shown).
Presence of Gluconeogenic Enzymes in Dog Spermatozoa
One of the key regulatory enzymes of the gluconeogenic and glyconeogenic pathways is FBPase (EC 3.1.3.11), which catalyzes the irreversible conversion of fructose 1,6-bisphosphate (Fru 1,6-P 2 ) to fructose 6-phosphate (Fru 6-P) and inorganic phosphate [22] [23] [24] . In addition, fructose 1,6-bisphosphatase aldolase (aldolase; EC 4.1.2.13) catalyzes the reversible conversion of Fru 1,6-P 2 to glyceraldehyde 3-phosphate and dihydroxy-acetone phosphate and participates both in gluconeogenesis and glycolysis [25, 26] . On the basis of the kinetic properties and subcellular localization of the aldolase isoenzymes, it has been suggested that aldolase B, expressed predominantly in the liver, has evolved to have a role in gluconeogenesis, while aldolase A, the classic muscle isoenzyme, is more effective participating in glycolysis [14, [27] [28] [29] . Following this, the presence of FBPase and aldolase B in dog spermatozoa was therefore tested. Immunoblotting of membrane proteins extracted from dog spermatozoa revealed that, for both antibodies, reactivity was limited to one immunoreactive protein band (Fig. 6) . The FBPase antibody reacted with a strongly immunoreactive protein band that migrated with an apparent molecular mass of approximately 40 kDa (Fig.  6A) . In a similar manner, aldolase B antibody reacted with a single protein band with an apparent molecular mass of approximately 39 kDa (Fig. 6B) . The size of the immunoreactive bands corresponded to the size of the respective bands obtained from liver protein extracts (Fig. 6C) . Additionally, no changes were observed after incubation with l-CCM (Fig. 6) . No immunoreactive protein bands were observed when the antibodies were preabsorbed with the proteins used to elicit them, thus confirming the specificity of the reaction (data not shown).
Dog spermatozoa from fresh ejaculates showed positive immunoreactivity with FBPase antibody, with intense immunolabeling observed in the acrosomal zone of the head and the tail (Fig. 7A) . Aldolase B was mainly present in the equatorial zone and midpiece of the tail (Fig. 7B) . The specificity of the reaction was confirmed in experiments that showed an absence of immunoreaction when preabsorbed antibodies were used (Fig. 7, AЈ and BЈ) . No great changes in the localization of these enzymes were observed after incubation with l-CCM (data not shown).
Effects of Phenylacetic Acid on Glycogen Metabolism of Dog Sperm Incubated in the l-CCM Medium
Phenylacetic acid (PAA) is a specific inhibitor of gluconeogenesis from lactate by inhibition of the pyruvate carboxylase reaction [30] . The addition of 10 mM PAA to the l-CCM medium almost completely prevented [ 14 C] lactate incorporation to glycogen. Thus, this incorporation went, after 2 h of incubation, from 0.11 Ϯ 0.01 nmol glucose/10 6 sperm in control cells to 0.03 Ϯ 0.01 nmol glucose/10 6 sperm in the l-CCM medium with 10 mM PAA added, whereas similar results were observed in the rest of the tested times ( Table 2) .
Effects of Phenylacetic Acid on In Vitro Capacitation Markers of Dog Sperm Incubated in the l-CCM Medium
Next, the effects that the addition of PAA would have on three markers of in vitro capacitation, as described in the Material and Methods, were tested: the percentages of viability and altered acrosomes, the motion characteristics, the Tyr-Phos pattern, and the CTC location pattern.
The addition of 10 mM PAA to l-CCM did not greatly affect the percentage of viability after up to 4 h of incubation. Only significant (P Ͻ 0.05) differences were determined between viability values of fresh samples and those incubated for 4 h both with and without the addition of PAA (Fig. 1) . However, PAA did seem to affect the percentage of altered acrosomes in some way, although the significant (P Ͻ 0.05) effects were concentrated in a clear increase of altered acrosomes after incubation in the presence of 10 mM PAA during the first 2 h (Fig. 1) . On the other hand, 10 mM PAA caused a complete disappearance of progressive spermatozoa, which was indicated by values of 0% of total motility, after 3-4 h of incubation (Table 1; data not shown). Thus, in these samples, the only observed movement was that of agglutinated spermatozoa, which showed flagellar movements similar to those of samples without PAA (Table 1 ; data not shown).
The addition of PAA also had a profound effect on the Tyr-Phos pattern of dog-sperm extracts subjected to l-CCM incubation. Thus, as shown in Figure 2 , incubation for 2 h in the presence of 10 mM PAA prevented the increase of phosphorylation observed in control samples. This effect was even more pronounced, and in some cases, reached a total lack of Tyr-Phos after 4 h of incubation. Moreover, PAA prevented the change in the Tyr-Phos pattern observed after 4 h of incubation in control cells, in those cases where phosphorylation was detected (Fig. 2) .
Similarly, PAA affected the CTC location pattern, although it was not possible to exactly quantify the precise percentage of spermatozoa that showed each separate type of CTC marking locations. Notwithstanding, the practically universal, uniform, and slight staining observed after 4 h of incubation in l-CCM was altered by the appearance of heterogeneous CTC location patterns, with cells showing faint, granulated CTC distribution in the midpiece and postacrosomal zone of the head, some others with CTC accumulated in the midpiece and other cells, which showed no CTC marking (Fig. 3) . It is also noteworthy that the CTC pattern observed after 4 h of incubation with l-CCM was different from that determined in fresh samples (Fig. 3) .
In conclusion, the global interpretation of the effects of PAA on all of the tested markers (percentages of viability and altered acrosomes, motility characteristics, Tyr-Phos pattern, and CTC location) indicates that the inhibition of gluconeogenesis alters, rather than prevents, the induction of an in vitro capacitation in the l-CCM medium.
DISCUSSION
Our data clearly indicate that dog sperm has a fully functional gluconeogenic pathway from substrates like L-lactate. Moreover, these results also show that this newly synthesized glucose has some relevance in the maintenance of in vitro capacitation when this process is induced in a medium without an external source of sugar. This is evident after a global analysis of the alterations in in vitro capacitation markers associated with the inhibition of gluconeogenesis in cells incubated in the l-CCM medium. Thus, dog-sperm gluconeogenesis is not only a functional process, but it can also play an important role in maintaining sperm functionality under specific conditions.
The statement that gluconeogenesis is functional in dog sperm is based on the following points. First, there was a clear glycogen synthesis in cells incubated in the l-CCM medium and, second, by the presence of at least two of the key enzymes that regulate gluconeogenesis, FBPase and aldolase B [14, [22] [23] [24] [27] [28] [29] [30] . Focusing on glycogen synthesis, it might be possible that the increase in glycogen content observed in the first 2 h of incubation could be due to the use of other endogenous substrates to form this glycogen. In this sense, some mammalian sperm, such as boar, can use endogenous substrates, like glycerol, as energy sources. However, in our case, the experiments with [U- 14 C] lactate and the comparison between the rate of [ 14 C]-marked substrate incorporation and the clear intracellular glycogen-level increase in the first 2 h clearly demonstrate that practically all of the newly formed glycogen came from an exogenous source. It is also striking that, although [ 14 C]-marked lactate can be found in an intracellular store, it has not been found in the form of extracellular glucose. Thus, the final product of dog-sperm gluconeogenesis is not extracellular glucose. This is easily explained by the lack of glucose 6-phosphatase activity of dog sperm, as has previously been described [7] . A consequence of this fact is that dog sperm utilizes gluconeogenesis as a source to obtain self-consuming energy, which can be immediately directed to the precise needs of spermatozoa at any given time.
Our results support the hypothesis of a close relationship between glycogen metabolism and the attainment of in vitro capacitation. Thus, an increase of glycogen levels during the first 2 h of incubation was observed, followed by a progressive decrease after that. It is noteworthy that the initiation of the signs that mark in vitro capacitation of dog sperm has been established at around 2-3 h of incubation in a capacitation medium [9, 10, 18] . This would indicate that the starting of glycogenolysis would coincide with the establishment of capacitation. A feasible interpretation of this result is that dog sperm accumulates glycogen, which will be needed as the energy source for all of the capacitation-dependent mechanisms that will be activated after 2 h of incubation. Because the majority of these mechanisms are energy consuming [1, 2] , the existence of a rapid and feasible energy source will be of importance in their correct attainment. Furthermore, the observed alteration of capacitation markers like Tyr-Phos and CTC patterns when dog sperm is incubated in the presence of PAA indicates that the glycogenesis/further glycogenolysis sequence is relevant for the proper achievement of in vitro capacitation. In this way, the gluconeogenesis-linked, sequential glycogen metabolism is important in the establishment of capacitation under our conditions. On the other hand, the important role of glycogen would be at the basis of the contradictory results published earlier about the achievement of a functional in vitro capacitation in the absence of glucose [9] [10] [11] because the presence of low glycogen levels in fresh samples or the lack of a rapid glycogenic rhythm could impede the attainment of capacitation. Thus, any alteration of glycogen metabolism, which would be more intense in the absence of sugars because glycogenesis is more pronounced in the presence of glucose or fructose [7, 8] than with lactate/pyruvate, could induce the described lack of positive results.
The presence of a functional gluconeogenic pathway that is important in the attainment of in vitro capacitation in the absence of sugars is a striking phenomenon not described until now. In fact, other species, such as boar [32] or bull [33] show a total lack of this metabolic pathway. This indicates the existence of a metabolic specialization among mammalian sperm. We suggest that this specialization could be related to distinct survival strategies that each mammalian species has developed for its spermatozoa. Thus, dog sperm shows a remarkably high survival rate inside the bitch genital tract, in contrast with other species, such as boar [34, 35] . This could be related to the fact that the energy metabolism of dog sperm shows itself to be very complex, with a highly sophisticated network of regulatory mechanisms. This complexity, which includes the existence of metabolic pathways, like the pentose phosphate cycle and a very active glycogen metabolism [6, 7] , contrasts with other, much simpler, in metabolic terms, species like boar and bull [32, 33] , which, as stated above, concomitantly have a much shorter life-span inside the female genital tract [35, 36] . Remarkably, both boar and bull sperm necessarily need the presence of sugars such as glucose in the medium to achieve in vitro capacitation, and we suggest that the lack of gluconeogenesis in these species leads to this necessity. In fact, all of the results indicate that glucose is a necessary requirement to attain in vitro capacitation in all mammalian sperm, although the origin of the sugar can be from exogenous sources or, in dog, from an endogenous and autogenous origin. In all events, we hypothesize that the specific functionality of sperm from a single mammalian species is strongly related to its specific metabolic characteristics because parameters like the specific motility characteristics and the life-span inside the female genital tract are strongly linked to energy-management mechanisms. Thus, we state that metabolic specialization is an important feature to understand functional specialization of mammalian sperm.
In summary, our results clearly indicate that dog sperm is able to synthesize glucose and, hence, accumulate it in the form of glycogen from gluconeogenic precursors like lactate. Moreover, gluconeogenesis-linked glycogen metabolism is important to regulate the achievement of in vitro capacitation in the absence of glucose, suggesting that, although glucose is instrumental in the attainment of dog sperm in vitro capacitation, the origin of this sugar can be from endogenous sources. Finally, the very sophisticated regulatory network of energy management could be at the basis of the very specific functional characteristics observed in dog spermatozoa.
